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Large ice sheets and terminations. The association of large ice sheets with terminations is a recurring theme in the literature. As a prominent example, an early series of experiments with an ice-sheet model emphasized the role of glacial isostacy in producing terminations (S1-S4). In these experiments the mechanism that produces terminations depends on accentuated isostatic sinking beneath a maximum ice load; hence the tie between large ice sheets and terminations. Once maximum isostatic depression is achieved at a glacial maximum, the next rise of summer insolation causes the southern terrestrial margin of the model ice sheet to retreat into the depression, which is maintained because of delayed isostatic response to ice unloading. Ice recession is accentuated by the fact that the snowline had already risen on the surface of the model ice sheet as a result of the isostatic sinking that accompanied ice-sheet growth in the first place. These effects cause sharply negative mass balance because of the dependence of ablation on elevation. The steepened ice surface created by this enhanced ablation leads to increased southward terrestrial ice flow into the isostatically produced depression.
Such increased flow transfers northern ice southward to lower elevations, where it melts rapidly. By this mechanism the model produces an ice-volume signal with an asymmetric saw-toothed signature that includes terminations.
However, this modeling approach considered only terrestrial ice sheets, whereas the northern sheets at the last glacial maximum (LGM) featured extensive marine-based 1 components (S5) . To overcome this difficulty, Denton and Hughes (S6, S7) suggested a conceptual model that incorporated marine mechanisms along with terrestrial dynamics.
When full-bodied, the marine components were at their most unstable configuration because of isostatic depression that left them susceptible to self destruction through the marine disintegration mechanisms described by Hughes (S8) . The addition of the marine components to the terrestrial model had the benefit of providing a mechanism whereby the fluctuations of the Antarctic Ice Sheet could be tied to waxing and waning of northern sheets through a sea-level linkage. Peltier (S9) also added the marine components to the terrestrial model to explain Antarctic ice-sheet variations. Imbrie et al. (S10) considered the influence of large ice sheets on the 100,000-year climate cycle, of which terminations were an essential part. In their view, when ice sheets grew to a certain size, they ceased to respond in a linear fashion to orbital forcing.
Instead, the large sheets themselves began to exert a strong influence on ice-age climate through their effects on the atmosphere, ocean, and lithosphere. An important aspect in ice-sheet growth to a maximum configuration at the LGM was the development of extensive marine portions on isostatically depressed continental shelf margins. Unstable retreat of these marine portions was envisioned to occur in response to rising sea level driven by orbitally forced recession of terrestrial sectors. The resulting rapid inland migration of grounding lines behind peripheral sills on shelf margins increased the rate of climate change to cause a termination.
It is evident that in several hypotheses an essential component of terminations involves the unstable behavior of marine-based ice sheets, particularly the potential for catastrophic collapse. In this regard, the only surviving marine-based ice sheet is today's West Antarctic Ice Sheet, which is grounded largely below sea level and is drained outward by numerous ice streams. Mercer (S11, S12) and Weertman (13) A natural experiment illustrating some of these principles has played out in Greenland (S14), the Antarctic Peninsula (S15) and Pine Island Bay (S16) over the past decade. Surface and basal melting has removed floating ice shelves and tongues. The consequence is that the feeder glaciers and ice streams have greatly increased their velocities, grounding lines have retreated, and interior ice surfaces have lowered. (PMIP-II) using results from four coupled atmosphere-ocean general circulation models (AOGCM, S17). Compared to modern conditions, three of the four models produced lower surface wind stress at the latitude of the Drake Passage during the LGM. Wind stress at this latitude is a key parameter for controlling the flow of the Antarctic Circumpolar Current as well as the rate of upwelling of deep water that releases CO 2 to the atmosphere (S18). It is consistent, then, that the three models with reduced LGM wind stress also exhibited lower upwelling in the Southern Ocean during the LGM (S17).
Response of Southern
However, regardless of whether these models exhibited lower wind stress at the latitude of the Drake Passage during the LGM, none produced significant meridional displacement of the region of maximum surface wind stress compared to modern conditions (S17).
Results from the PMIP-II simulations seem to present a challenge to our interpretation, which relies on meridional displacements of the SH westerlies. However, comparing model results for modern conditions against climatological data suggests that the AOGCMs used by PMIP-II may not yet be up to the task of providing an accurate representation of LGM winds (S17). For example, all four models exhibit a cold bias at high southern latitudes (e.g., 5 to 8 °C over Antarctica). Three of the four models position the near-surface (925 hPa) latitude of maximum zonal wind speed well equatorward of the position obtained from the NCEP/NCAR reanalysis. The models also produce a lower cyclone density for modern conditions than is observed from NCEP/NCAR.
In light of PMIP-II results described above, it is not surprising that models disagree about the response of SH winds to stadial-like conditions. For example, model simulations of increased NH sea ice cover (S19) and of a shutdown of Atlantic Meridional Overturning Circulation (AMOC) forced by imposing freshwater on regions of deepwater formation (S20) showed little response of the winds south of the tropics, even though the perturbations in each case induced a substantial southward shift in the Intertropical Convergence Zone (ITCZ). This was true both for models with slab oceans (S19) and for an AOCGM (S20). In contrast to the above findings, perturbation experiments using five AOGCMs where AMOC was reduced by introducing freshwater to the North Atlantic for 200 years produced large-scale changes in atmospheric circulation, including an increase in wind stress at the latitude of the Drake Passage (S21). These experiments were conducted under modern boundary conditions, so the response at the LGM is not obtained.
Paleo proxy evidence for changes in the SH winds is mixed with respect to both the position and the intensity of the SH westerlies (see reviews by S17, S22). In the main text we cite evidence that we believe makes a convincing case for substantial climate- Numerous records from the vicinity of the STF substantiate the large amplitude of the SST increase during deglaciation (S24-S29) . In contrast to these observations, it is noteworthy that model simulations of stadial conditions (including perturbations that shut down AMOC under both modern and glacial boundary conditions) produce much smaller 6 warming signals at these latitudes (typically between 1 and 2 °C, S30, S31, S32) .
Therefore, we suggest that the smaller temperature response in the models reflects an important missing element, such as the sensitivity of SH winds to varying global temperature gradients.
Resolving these model-data inconsistencies has important implications for understanding current and future change, as well as for interpreting the paleoclimate record. A southward displacement and intensification of the SH westerlies has been observed in recent decades (S33-S35) . Inverse calculations based on measured distributions of atmospheric CO 2 implicates a release of CO 2 from the deep ocean due to increased overturning of the Southern Ocean in response to the historical shift in the winds (S36). These authors suggest that the increased efflux of natural CO 2 may have offset the ocean sink for anthropogenic CO 2 by as much as 10%, although the interpretation is not uncontroversial (S37, S38) . In contrast to these findings (36), it has been suggested that upwelling in the Southern Ocean and the related efflux of CO 2 are relatively insensitive to changes in wind intensity (S39, S40) because an increase in wind forcing induces a southward eddy flux, nearly canceling the increase in the northward Ekman transport that drives upwelling (e.g., S40, S41, S42) .
Observations can be found in support of each of these views. High-resolution models and satellite observations are consistent with a significant change in circulation of the Southern Ocean induced by the historical displacement of the SH westerlies (S43).
On the other hand, hydrographic data from ships and autonomous platforms show a southward shift in water masses but without evidence for increased overturning (S42).
Monitoring of the partial pressure of CO 2 in the Southern Ocean shows trends that are consistent with increased overturning and release of CO 2 from deep water (S44, S45) , although the data exhibit substantial variability and therefore leave uncertainty in the actual rate of change over recent decades.
Reducing the uncertainties described above is of utmost importance. Benefits range from solidifying our understanding of the processes that controlled climate change in the past (main text) to improving the reliability of predicted changes in the oceanic sink for anthropogenic CO 2 in the future (S46, S47) .
